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The evaluation of jeopardized myocardial mass is 
important in defining the effect of interventions 
during myocardial infarction. To quantitate the in 
vivo mass at risk, P-dimensional echocardiography 
(2-D echo) and thallium-201 single-photon emission 
computed tomography (SPECT) was performed in 
10 closed-chest dogs after circumflex coronary 
artery occlusion. The 2-D images were manually 
digitized to compute left ventricular (LV) mass using 
a modified Simpson’s rule algorithm. This measure 
of LV mass correlated well with the actual LV mass 
(r = 0.97). Perfused myocardial mass was esti- 
mated from thallium SPECT images 4 hours after 
occlusion using a region-growing algorithm. After 
the dogs were killed, the jeopardized mass was 
outlined using a dual perfusion staining technique 
using triphenyltetrazolium chloride and Evans blue 
dye. The actual perfused mass was well estimated 
by the thallium images (r = 0.96). The noninvasively 
determined mass at risk was calculated as: 2-D 
mass - thallium SPECT mass, and correlated well 
with the pathologically determined mass at risk (r 
= 0.91). Thus, the jeopardized mass may be de- 
termined noninvasively by using 2-D echo and 
thallium-20 1 tomography. This approach may pro- 
vide further information regarding the effect of in- 
tervention therapy on jeopardized myocardium. 
(Am J Cardiol 1983;52:1340-1344) 
The evaluation of recent attempts to limit the size of 
acute myocardial infarction in patients is limited by the 
inability to define accurately the size of the ultimate 
infarction in terms of the initial area of jeopardized, or 
“at risk,” myocardium. Attempts have been made to size 
infarctions using ST-segment mapping,’ planar thal- 
lium-201 imaging,2 computed axial tomography,” body 
surface potential mapping,4 2-dimensional echocardi- 
ography (2-D echo),5,6 creatine kinase-MB activity,7 and 
radionuclide scannings in order to study prognosis”,“’ 
and protective effects of various interventions. However, 
none of these techniques defines, in a given experi- 
mental animal or patient, the area of potential infarc- 
tion. This area at risk has been defined in terms of the 
size of the perfusion bed of the occluded artery.11-15 
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Although the amount of ultimate necrosis and the size 
of the occluded perfusion bed are related, there is great 
variability even when the coronary artery occlusion is 
experimentally placed at identical anatomic sites.‘lJs 
The present study uses 2-D echo and thallium-201 
(Tl-201) single-photon emission computed tomography 
(SPECT) to develop a noninvasive method of defining 
the area of myocardium at risk of necrosis early, after 
a myocardial infarction. 
Methods 
Surgical preparation: Eleven dogs were anesthetized with 
morphine and sodium pentobarbital and placed on a respi- 
rator. Under aseptic conditions, a left thoracotomy was per- 
formed, and a mercury-filled cuff occluder, which was con- 
trolled externally by a piston screw device, was implanted on 
the left circumflex coronary artery (LCCA). The chest was 
closed and the pneumothorax evacuated. The dogs were al- 
lowed to recover from the surgery for 14 days. Constriction of 
the LCCA was achieved in the conscious, sedated dog by a few 
turns of the screw-driven piston on the occluder. Total LCCA 
occlusion was estimated from the number of turns of the screw 
after precalibration before implantation. 
Two-dimensional echocardiographic studies: The 2-D 
echoes were performed with the dogs in the right lateral de- 
cubitus position on a specially constructed table with a cutout 
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FIGURE 1. Two-dimensional echocardiographic image (schematic) in 
the long-axis view and 2 short-axis views (midpapillary muscle and 
mitral valve). 
allowing positioning of the transducer. Images were obtained 
just before occlusion of the LCCA. Hard copies of end-dia- 
stolic and end-systolic freeze frames, timed to correspond to 
the onset of the QRS and end of the T wave, respectively, were 
generated in the short axis at the midpapillary muscle and the 
mitral valve levels, and in the long axis (Fig. 1 and 2). Using 
these freeze frames, the endocardial and epicardial borders 
were manually digitized, and the enscribed areas were deter- 
mined and used to calculate volumes according to the formula 
of Folland et al? V = (A&L/3 + (A, + A,)/2 L/3 + l/ 
3(A,)L/3, where V = volume, A, = short-axis area at the 
mitral valve level, L = longest length in the long-axis view, and 
A, = short-axis area at the papillary muscle level. The papil- 
lary muscles themselves were excluded. The endocardial 
volume was subtracted from the epicardial volume to give the 
volume of the myocardium. The myocardial volume was 
multiplied by the specific gravity of myocardial muscle (1.05) 
to determine myocardial mass. 
Radionuclide imaging technique: The dogs were posi- 
tioned within a rotating gamma camera tomograph. The de- 
tector was equipped with a high-resolution, low-energy, par- 
allel-hole collimator and was positioned as close to the dog as 
possible. Two millicuries of Tl-201 were injected intravenously 
4 hours after occlusion and imaging was begun 10 minutes 
later. Images were acquired every 5.8” of rotation, yielding 32 
images. Each image was digitized into a 64 X 64 matrix and 
stored on magnetic disk in a small computer. Tomographic 
sections that encompassed the entire volume of the myocar- 
dium were then reconstructed using a filtered back projection 
algorithm without attenuation compensation.17 
The reconstructed tomographic sections were displayed on 
a computer terminal. Using the computer display, the operator 
flagged an appropriate starting point within the perfused 
volume of myocardium. The program then traced out the total 
volume corresponding to the perfused myocardium on all 
tomographic sections (Fig. 3). The algorithm used was based 
on a region-growing technique that determines the border of 
the perfused zone based on threshold and rate-of-change 
FIGURE 2. Representative end-diastolic frame of a Pdimensional 
echocardiogram in the short axis at the midpapillary level. 
I-201 kin 
FIGURE 3. Tomographic thallium-201 (TI-201) image (left) with com- 
puter-derived image using sizing program (right). 
criteria. This method was validated in phantom studies and 
found to be accurate over the range of 20 to 400 ml (Keyes JW, 
Jr., unpublished data). The total volume of the perfused re- 
gion was then calculated by multiplying the volume of a single 
pixel (0.25 ml) by the total number of pixels within the com- 
puter-defined perfused volume. The volume determination 
was then multiplied by the specific gravity of myocardial 
muscle to obtain the perfused myocardial mass. 
Pathologic quantification: The dogs were killed and the 
excised hearts were rinsed with saline, weighed and attached 
to a perfusion apparatus. l8 The coronary circulation was 
flushed by perfusing the aorta with 1 liter of warm saline. The 
LCCA was then cannulated at the point of the occlusion and 
perfused with warm, buffered (10 mM sodium phosphate, pH 
7.4), triphenyltetrazolium chloride (TPT), while buffered 0.3% 
Evans blue dye was delivered, at an equal pressure (100 mm 
Hg), into the left anterior descending and right coronary ar- 
tery through the aorta. Differential perfusion of the LCCA 
defined both the anatomic area at risk for infarction as well 
as the area of infarction. This was based on the ability of de- 
hydrogenases present in viable myocardium to react with 
TPT.19 With this dual injection technique, the myocardium 
not at risk was stained dark blue with the Evans blue. The 
boundaries of the area at risk were stained brick red with the 
TPT, and the area of infarction appeared yellow. After ap- 
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TABLE I Total hlyocardial Mass as Determined by 2- TABLE II Perfused Myocardial Mass as Determined by 
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proximately 15 minutes, the perfused hearts were transversely 
sliced into l-cm-thick sections. Both sides of each section were 
then traced on an acetate transparency and divided into the 
3 areas (viable, risk and infarcted). The average area for each 
myocardial ring was multiplied by the weight of each ring to 
give the mass of myocardium viable, at risk and infarcted. 
Noninvasive calculation of area at risk: The total 
myocardial mass was obtained from the 2-D echocardio- 
graphic images. The mass of perfused myocardium (excluding 
infarcted and ischemic tissue) was obtained from the Tl-201 
tomographic images. Risk mass was then obtained by sub- 
tracting the perfused mass from the total mass. 
Statistical methods: Results are presented as the mean f 
standard error of the mean. Correlation coefficients were 
determined by the least-squares method. 
Results 
Eleven dogs that weighed 31.0 f 1.1 kg underwent 
surgery and chronic instrumentation. One dog fibril- 
lated and died approximately 20 minutes after acute 
LCCA occlusion and was excluded from analysis. The 
LCCA occlusion was left in place for 4.7 f 0.1 hours. The 
area at risk for infarction from the LCCA occlusion as 
determined by TPT staining was 37 f 2% of the LV 
mass. The area of actual infarction was 11 f 3% of the 
LV mass. The total LV mass as determined by the 2-D 
echocardiographic images showed an excellent corre- 
lation with the actual pathologic mass (r = 0.97; slope 
= 0.93; x intercept = -5.6) (Table I, Fig. 4). The 2-D 
echocardiographic images consistently slightly under- 
estimated the true LV mass (mean error 14 f 4%). The 
Tl-201 tomographic images also showed an excellent 
correlation with the pathologically determined viable 
perfused mass (r = 0.96; slope = 1.17; x intercept = 6.6) 
(Table II, Fig. 5), but tended to overestimate mass in 7 
of 10 dogs (mean error 7 f 1%). 
The calculated risk mass was determined by sub- 
tracting the perfused mass as measured by Tl-201 from 
the total LV mass as measured by 2-D echo. Again, there 
was an excellent correlation with the actual risk mass 
240, 
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FIGURE 4. Correlation of 2dimensional echocardiographic calculated 
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FIGURE 5. Correlation of thallium-201 single-photon emission com- 
puted tomography calculated by perfused mass and pathologically 
determined perfused mass. 
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TABLE III Calculated Risk Mass Versus Pathologically 














as measured pathologically (r = 0.91; slope = 1.16; x 
intercept = 9.9) (Table III, Fig. 6). The calculated risk 
mass tended to underestimate pathologic risk mass 
(mean error 31 f 4%). 
Discussion 
The area of jeopardized, or “at risk,” myocardium has 
been defined as the area distal to a high grade coronary 
artery stenosis or occlusion.13 Although the amount of 
necrosis parallels the area at risk, at least in dogs, there 
is great inherent variability in the exact relationship.r2 
Even with experimental occlusions placed at the same 
anatomic site, there is wide variability in the extent of 
the ultimate infarction.12 The variation in infarct size 
is related to a variation in the transmural extent of the 
infarction and has ranged from 50 to 88% of the perfused 
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FIGURE 6. Correlation of calculated myocardial risk area and patho- 
logically determined risk area. 
farct size, the effect of a therapeutic intervention may 
require a large number of animals for adequate assess- 
ment. This may be avoided by relating the infarct size 
to the size of the risk regionI which would improve the 
accuracy of intervention studies during acute myocar- 
dial infarction. 
Although a variety of techniques, primarily using 
dye&i2 or gels,i3J4 have been used to define jeopar- 
dized myocardium, it is important to distinguish be- 
tween “functional” and “anatomic” myocardial area at 
risk. The functional myocardium at risk is usually de- 
fined using methods that take into account the contri- 
bution of collateral flow. The anatomic myocardium at 
risk is generally delineated using postmortem coronary 
injections, which tend to negate the influence of col- 
laterals. Thus, the anatomic area at risk may not cor- 
respond to the functional risk area and may be expected 
to be larger than the latter if the effect of collateral flow 
is important. This is supported by recent work of Geary 
et al,‘l who used microvascular dye-injection tech- 
niques, which allowed accurate determination of the 
anatomic perfusion bed of an occluded artery and high 
resolution epicardial ST-segment mapping to assess the 
accuracy of the perfusion bed to represent the region at 
risk of infarction. Although the epicardial area of the 
anatomic perfusion bed correlated closely with the ep- 
icardial area of ST-segment mapping at 2 minutes after 
occlusion in the dog, by 30 minutes there was a pro- 
gressive and variable reduction in ST-segment elevation 
reflecting gradual recruitment of existing collateral 
channels from adjacent perfusion beds. In dogs, col- 
laterals between epicardial branches of coronary arteries 
are common and contribute to a variable but small 
collateral circulation. Thus, after abrupt occlusion, this 
initial level of collateral function may modify the risk 
zone and be an important determinant of the size of the 
infarction that results.20 
Two-dimensional echocardiography has been used 
to directly determine infarct size,“T6 but not to measure 
risk area. Although 2-D echocardiographic determina- 
tion of infarct size demonstrates a good correlation with 
actual infarct size, the regional abnormalities seen tend 
to overestimate infarct size, probably because of a 
tethering phenomenon in adjacent nonischemic tissue.s 
The ability of 2-D echo to directly estimate risk zone was 
not addressed in our study, but similar tethering effects 
may make risk area quantification difficult. In the 
present study, total LV mass was determined from the 
2-D echocardiographic images using the formula that 
Folland et all6 validated in an isolated dog heart model. 
Although this formula still requires geometric as- 
sumptions, it does not require fixing a point of reference 
to measure wall motion. In our study, 2-D echo was 
highly accurate in estimating total LV mass (r = 0.97). 
It consistently caused a slight underestimation, perhaps 
partly because we did not include the papillary muscles 
in the analysis. 
Thallium-201 imaging has also been used to estimate 
the size of a myocardial infarction. The recent intro- 
duction of SPECT imaging has improved the ability to 
define 3-dimensional detail of ischemic and infarcted 
myocardium and, as a result, has provided better 
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quantitative estimates of infarct extent.17 In patients 
studied at 4 weeks after infarction, there was a poor 
relation between the planar Tl-201 image estimation of 
infarct size and the estimation of CK-MB (r = 0.69); this 
was greatly improved using SPECT (r = 0.89).2 We have 
used SPECT in isolated dog hearts to calculate both 
viable mass (r = 0.87), infarcted mass (r = 0.90), and the 
percentage of the left ventricle infarcted (r = 0.87).” In 
both of these studies,2g17 the infarcted mass was deter- 
mined by developing computer-aided calculations of the 
size of the nonvisualized (thallium defect) region. This 
requires the assumption of uniformity of wall thickness 
and motion in the infarcted and noninfarcted regions. 
If the damaged tissue is thinned or dyskinetic, one 
cannot assume uniform thickness. In the present study, 
this work was extended to a closed-chest dog model and 
only the visualized (perfused) area on the thallium 
image was quantified. This eliminated any geometric 
assumptions and was based solely on the number of 
pixels occupied by the perfused left ventricle. In our 
study, SPECT was highly accurate (r = 0.96) in deter- 
mining the mass of perfused tissue. The uptake of T- 
201 is known to correlate well with myocardial blood 
fl~w,~l and this study extends this observation to to- 
mographic images obtained in closed-chest dogs. The 
Tl-201 imaging overestimated the perfused mass in 7 
of 10 dogs. This discrepancy might be explained by our 
dual perfusion staining method of anatomically defining 
the risk area which excluded collateral flow into the 
perfusion bed of the occluded vessel. Since the Tl-201 
estimation of perfused mass may depend both on ana- 
tomic risk area and collateral flow within the risk area, 
the discrepancies we noted between in vivo and patho- 
logic estimates of perfused, viable tissue may be a real 
phenomenon. 
Thus, in the present study, 2-D echo was used to 
calculate total myocardial mass, and SPECT was used 
to calculate perfused myocardial mass. The subtraction 
of perfused mass from total mass gave an estimate of the 
mass of myocardium at risk. These analyses were vali- 
dated by comparison with pathologically determined 
masses. The dual dye perfusion technique has been 
usedls,22,2” in defining in vitro risk, nonrisk and in- 
farcted areas. The simultaneous perfusion under equal 
pressure of Evans blue and the TPT should eliminate 
the entrance of either dye into collateral channels and 
thus provide a measure of the anatomic rather than 
functional risk area. The difference between functional 
and anatomic risk area might help explain the consis- 
tent underestimation of the risk mass determined in our 
study in vivo by the combined 2-D echo-thallium 
SPECT technique compared to the in vitro pathologi- 
cally determined risk mass. An additional or alternative 
explanation might be found in work that has shown an 
early increase in myocardial volume during the evolu- 
tion of an infarction due to edema.z4 The tissue fluid has 
a lower density than that of myocardial tissue and would 
cause the conversion of Tl-201 perfused volume to mass 
to be artifactually elevated. 
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